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Abstract 
The FEM simulations in the field of design and safety assessment represent very powerful tools. Because of the growing 
demands on safety, reliability and longer lifetime period of structural facilities it is neccesary to use precise material data in a 
numerical simulation that considers ductile damage. Ductile fracture occurs after all the material plasticity is consumed. The 
plastic strain represents one of the most crucial parts in the process of ductile damage. If the damage additionally affects plastic 
behavior of the material then we can talk about the so called coupled continual damage model. The FEM simulations are strongly 
limited by material input data and available material models. Many of the current calculations are still performed on the basis of 
standard tensile tests, if not only on database data or data from literature. Such a material description is not sufficient for accurate 
design assessment and detailed material behaviour description has to be used for a reliable results. Standard tensile test is mainly 
based on uniaxial sample loading and small strains. Gained standard tensile test results are useful for elastic solutions or elastic-
plastic solution for small plastic strains. If states near to fracture are to be considered, more complex material description taking 
into account multiaxial loading conditions should be applied. Thus samples of various geometries tested under various loading 
modes have to be used. On the basis of these tests a complex material behavior model covering elastic and plastic material 
behavior for various triaxiality states can be obtained. This kind of material behaviour description allows a wide range of 
applications from calculation of the component limit loading conditions to material properties conversion for samples of different 
sizes. The current paper is dealing with ductile damage parameters determination based on small samples for the structural 
ferritic steel 15Ch2NMFA widelly used in the nuclear industry. The newly proposed specimen size is very small in comparison 
to standard size specimens. Different shapes of these test samples were tested and evaluated in order to cover the whole range of 
the Stress Triaxiality. The obtained material plastic damage parameters are subsequently applied to FEM simulation and to the 
performed experimental tests. The comparison of the experimental and simulation results exhibits very good agreement and thus 
confirms applicability of the material models considered for reliable simulation of the material investigated.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Due to the growing demands in safety, reliability and longer lifetime period of different structures and 
components used in the industry, it is really important to test and verify the behavior of structural materials applied 
in these components. Also, from an economical point of view, it is important to carry out the testing and verification 
using the cheapest way, either from economic or time consuming point of view. The evaluation of ductile fracture 
using micro-samples (named like this because the size is very small compared to standard size samples, usually 
about 8x8 mm and 0.5 mm thickness) can be the optimal solution to bring together all these requirements: 
x Consumption of material used in testing process is really small 
x Material for the analysis can be obtained from the original part (non-destructive or semi-destructive 
methods application) 
The current paper evaluates the ductile damage parameters using micro-samples for the testing process for the 
structural ferritic steel 15Ch2NMFA. Verification of the material model performance is carried out by comparison 
of the experimental and simulation results.  
2. Test and material 
Considering the complexity of the material model and the behavior near to the fracture, it is not enough to define 
the material model using only the Micro-Tensile Tests (M-TT) that are suitable for elastic solutions or elastic-plastic 
solutions for small plastic strains [1-3]. According to this, it is necessary to consider more complex material 
description taking into account multiaxial loading conditions to cover the whole range of stress Triaxiality and 
different modes of the Lode parameter. Therefore, the following specimens, Fig. 1, have been tested in order to 
guarantee the complete definition of the material model: 
x Tensile test (with 4 different geometries) 
x Small Punch Test (SPT) 
 
Fig. 1. Example of different micro-samples used in the tests. 
The different tests were carried out using servo-hydraulic testing system adapted to small sized samples. The tests 
were performed at room temperature (20°C) and different strain rates (from quasi static to intermediate strain rates). 
The strains measurements of the tests have been performed by Digital Image Correlation (DIC) method [4] with the 
use of ARAMIS system [5] (Fig. 2). The system is using two cameras that enable optical 3D strains measurement.   
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The experimental material considered in this paper is the 15Ch2NMFA steel. This ferritic steel is typically used 
in the nuclear industry (for pressure vessels). 
3. Material model 
The material model is completely defined by four different concepts: thermal, elastic, plastic and damage model.  
The thermal model was defined at constant room temperature (20°C) as the tests performed previously were slow 
enough to consider that the generation of heat caused by the deformation could be neglected. 
The elastic modulus was measured in dynamic way and the values were evaluated on the basis of Eigenfrequencies 
of the specimens. The Young´s Modulus was evaluated as 209.5 GPa and the Poisson´s Ratio 0.3. 
The plastic model was defined by the Flow curves obtained from the different tests performed. An optimization 
process was applied in order to tune the material plastic model to completely cover the different tests that leads to 
solutions that behave accurately in all situations studied during the testing process. 
The damage model was determined using the breaking point (defined as sudden load drop, Fig.3) of the samples in 
different tests and the results of the simulations were adapted and calibrated to the ductile damage model until the 
force-displacement curve was ensured. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This model supposes isotropy, and the quantities are defined using second and third invariant of the deviatoric 
stress according to:  
 
Fig. 2. (a) Specimen, (b) Grips for M-TT, (c) Measurement of deformation during M-TT. 
Fig. 3. Breaking point location in tensile test. 
(a) (b) (c) 
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Principal deviatoric stresses S1,S2 and S3 are the principal values of stress deviator, that can be defined as follows: 
IS mVV                     (3) 
where I is the identity matrix and σm is the mean stress: 
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The equivalent stress or Von Mises stress is defined by: 
23J V                    (5) 
The Triaxiality can be expressed by: 
V
VK m                    (6) 
The model of plastic response works with simple plane of plasticity that is based on Von Mises stress according 
to: 
)( plY HVV                     (7) 
that is the associated flow rule and has only one history dependent state parameter, the accumulated intensity of 
plastic strain: 
³ t plpl dt
0
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where: 
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2                   (9) 
The above mentioned relation is calibrated experimentally according to comply the performed tests by trial-error 
method. 
4. FEM simulations 
Models of the investigated samples were created for FEM simulation (Fig.4). The FEM commercial code used in 
this study was MARC-MENTAT [6]. For the tensile tests, and other simple tests, where the thickness of the samples 
is smaller than the other dimensions, the simulation was simplified to Plane Stress, reducing computation time. With 
this simplification, the stresses perpendicular to the analysis plane are assumed to be zero. 
 
Fig. 4. Tensile geometric models (from left to right): width 0.75 mm, 1.5 mm, 2 mm and 1.5 mm notch R0.2 mm. 
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Due to the complexity of other simulations (Small Punch Test...), it was necessary to use 3D mesh to reach an 
accurate solution (Fig.5). In some of these complex simulations, it was necessary to define the contact between the 
samples and the tooling of the test. The tools were defined as rigid solid, with a friction coefficient μ=0.1, similar to 
the steel-steel friction that is present during the test. 
 
Fig. 5. SPT mesh used in the FEM simulation. 
The initial study was performed using the ductile fracture model Cockroft-Latham criterion [7] that is a simple 
model to define the ductile damage. According to this criterion, fracture occurs when the accumulated equivalent 
strain modified by maximum principal tensile stress reaches a critical value. 
³  f CdH HV0 1                 (10) 
where C is the calibration constant. 
 
This is a simple criterion to define the ductile damage because only one calibration constant is needed. 
Once the constant is calibrated, it is possible to simulate the behaviour until fracture. 
5. Results 
Once the tests and FEM simulations are fitted (Fig. 6), the next step is to present the obtained results, 
plotting the calculation of the Fracture Plastic Strain ߝ௙തതതത and the Stress Triaxiality Parameter η. The Fracture 
Plastic Strain is the maximum value of equivalent plastic strain when the fracture is assumed to occur. The Stress 
Triaxiality Parameter is the ratio between the mean stress and the equivalent stress. 
 
 
Fig. 6. Comparison of simulations and experiments for micro-tensile tests. 
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Fig. 7. Comparison of simulation and experiment of small punch test (SPT). 
In the results (Fig. 6-8), the behavior of the tensile tets and the SPT is similar to the conventional tests. 
Comparing the results obtained with those previously obtained by Džugan [8] (Fig. 9), paper that deals with the 
same purpose and material using conventional samples, it is possible to determine that the results obtained using the 
micro-samples are similar to the results obtained using the standard sample test. 
 
Fig. 8. Fracture behavior for 15Ch2NMFA steel simulations. 
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Fig. 9. Fracture behaviour for 15ChNMFA steel using standard tests.  
Comparing the fracture behaviour, there is a difference in the results, due to the use of a different ductile fracture 
model and the limitations that it is carrying. The models used by Džugan [8] are Johnson-Cook and Rice-Tracey, 
that consider more variables (strain rate, triaxiality, etc.) and calibrating parameters in the fracture behaviour. 
Cockcroft-Latham criterion only considers the equivalent plastic strain and the maximum principal tensile stress. 
This simple model predicts well fracture in upsetting tests, but fails to describe fracture for other tests (shear, etc.) 
[7], but it is a good method to obtain an approach to ductile fracture evaluation.  
Observing this issue, more complex Ductile Damage Model will be used in the future, to describe more precisely 
all the tests performed previously. For the next evaluations, new failure criterion will be proposed, based on 
phenomenological quantity damage ω that is defined as non-decreasing scalar parameter: 
³ t
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That depends on the loading history and can be understood as linear accumulation of incremental damage in 
process of monotonic loading. Ductile fracture of material occurs as soon as critical damage value ωcrit is reached. 
This value is obtained from fitted simulations according to the fracture values obtained in the breaking point during 
testing. The fracture locus has physical meaning of accumulated plastic strain at the instant of ductile damage 
initiation. In such loading process the damage at failure reaches ωcrit =1, so damage defined previously can be 
normalized. Also, some other tests will be performed to cover a wider range of Triaxiality and Lode Parameter. 
 
6. Conclusions 
Through this work, the ductile damage of 15Ch2NMFA steel has been studied using micro-samples. The main 
point of the paper deals with the comparison between micro-samples test and standard tests, trying to validate the 
new results obtained with the results from standard tests.  
To achieve the final results, several tests were performed, using different shapes of micro-samples to cover a 
wide range of Stress Triaxiality. The tests were carried out at room temperature (20°C) and different strain rates. 
After the testing process was finished, the simulations of different processes were performed using MARC-
MENTAT FEM code. The material model included was based on previously described thermal, elastic, plastic and 
damage models. 
Finally, the Stress Triaxiality and the Fracture Plastic Strain obtained at fracture were plotted to describe the 
ductile damage of the material. The obtained results showed that there is a clear tendency that defines the behavior 
of the ductile damage, but it has some errors predicting certain tests, compared to more complex damage models, 
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due to Cockroft-Latham criterion is simple and fails to predict the results accurately. Despite of this problem, it is a 
good method to obtain an approach to ductile fracture evaluation. 
Comparing the results obtained with those from the previous work by Džugan [8], the paper that deals with the 
same purpose and material using conventional samples, it is possible to determine that the results obtained using the 
micro-samples are similar to the results obtained using the standard sample test. The biggest difference in the 
simulation results is due to the use of a different ductile fracture model and the limitations that it is carrying. 
Further studies about micro-sample test will be carried out in the future, including more different tests (torsion, 
shear, etc.), different shapes of the micro-samples and wider range of strain rates and temperatures. Also, new 
simulations will be developed, including more complex meshes and also more complex Ductile Fracture Models 
(Johnson-Cook, Oyane, etc.)[9], to determine the accuracy of the micro-sample testing in all range of the ductile 
damage behaviour.  
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